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A B S T R A C T   
A method for monitoring of vibrational response and temperature region of glass transition by a single analysis is 
introduced with the use of an otherwise well-known spectroscopic method. The temperature-dependent changes 
of polystyrene (PS) thin films were investigated by polarization-modulated infrared reflection-absorption spec-
troscopy. The study revealed that changes in individual spectral regions with the temperature increase are 
specific and provide the relation to the processing and thermal history of the thin film. Temperature responses of 
infrared spectral region areas; an abrupt change of Car-H stretching, a step-like change of Car-H out-of-plane 
bending, a linear decrease of C–H stretching and C–H bending area, granted information on the temperature 
domain represented by local molecular motion change (β-transition) of PS. The different behavior of spectral 
regions is rationalized by consideration of vibrational free volume contribution to the total free volume of the 
system that is certainly influenced by functional groups nature, such as their size, geometry and involvement of 
non-bonding interaction.   
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1. Introduction 
The polymer thin films are affected by macromolecular chain prop-
erties, which are, at the same time, influenced by the restricted film 
spatial arrangement. In contrast with polymer bulk, the final thin 
polymer film properties do not depend only on polymer type and 
ambient conditions (temperature and pressure), but also on the thick-
ness (h) and a presence of substrate (spatial restriction) and they can 
differ radically from the properties of the bulk [1]. If we consider 
temperature-dependent changes of polymer properties pronounced 
considerably at the temperature domain of a glass transition [2,3], a 
description of the system free volume (Vfree) and relaxation time (τ) also 
becomes the crucial issue. 
Since polymer thin films have already found their application e.g. in 
electronics as organic thin film transistors [4–6], or bio/medical area as 
various coatings [7,8], they have become an abundantly studied topic. 
Differences in the thermal behavior of polymer thin films contrary to 
bulk were reported already in the 1960s [9]. The whole temperature 
range of glass transition is represented with glass transition temperature 
(Tg) that is commonly extracted as a temperature at inflection point of 
the step change at DSC curve. However, it also depends on the heating 
rate used for polymer evaluation. The higher the heating rate the more 
pronounced effects at glass transition domain and shift of the Tg is 
observed. Tg of the polymer is influenced by macromolecular chain 
properties, such as chain length (Mw), engagement of intermolecular 
interactions, chain toughness and flexibility. In addition, the Tg of 
polymer thin films is not unambiguously described only with properties 
of polymer itself. However, the close vicinity of the macromolecules – 
substrate of the film, free surface of the film, multi-layered film – has to 
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be taken into consideration. The determination of thin film glass tran-
sition is thus not as routine as determination of bulk Tg by DSC, DMA or 
other methods, but it involves temperature resolved spectroscopy 
methods (dielectric spectroscopy, ellipsometry, fluorescence) [10,11] or 
ultrafast DSC and modulated DSC [12,13]. 
The decrease of Tg of the thin film below bulk Tg has been reported 
and can be explained by the presence of a high-mobility layer near the 
free surface (polymer-air interface) with lower τ [14,15], which reaches 
a maximum near the Tg [16]. Thin film dynamics description also in-
volves an assumption of cooperative motions within cooperative volume 
or existence and competition of both high-mobility and cooperative 
motion region [17,18]. Glass transition is considered as a wide tem-
perature domain with sub-domains describing particular steps of 
relaxation related to specific parts of macromolecules. The release of 
chain segments within cooperative volume is usually connected with 
α-transition represented with Tα (close or above Tg) [19]. However, 
localized motions of shorter molecular segments (i.e. side chains and 
groups) describing β-transition of the system are achieved at signifi-
cantly lower temperatures (Tβ) than Tα. Transition γ precedes both these 
relaxation steps, occurs at even lower temperature range than Tβ and 
originates in the non-cooperative intramolecular dipole movement 
(stretching and bending of groups) [20]. Monitoring of sub-Tg transi-
tions is convenient for full description of thermally induced molecular 
fluctuations and commonly conducted via dielectric spectroscopy [21] 
or broadband dielectric spectroscopy [22,23] analyses. The extent of 
cooperativity is highly influenced by the structure and size of the sys-
tems and is not as unequivocal, e.g. oligomers can provide cooperative 
nano-domains due to intermolecular interactions of side chains while 
the main chain can act as domain of non-cooperative motion [24]. 
Glass transition is generally (including sub-Tg transitions) connected 
with a release of particular molecular motions at a specific temperature 
range with simultaneous increase of free volume to the level needed for 
sub-Tg transition or liquid state formation. For a description of the 
temperature-dependent behavior of polymer thin films it is convenient 
to consider the Vfree as a result of free vibrational volume (Vfree:vib) and 
free excess volume (Vfree:exs) as discussed in an extensive review in 
Ref. [25]. Vfree:vib is a genuine contribution to Vfree of the thin film that is 
always present even if 3D spatial restrictions are regarded. 
The influence of the film thickness on the Tg of film is another 
intensively discussed research topic. A reduction of Tg with decreasing 
thickness of the films observable usually for thicknesses below 100 nm 
has been reported for both free-standing films, e.g. PS [26,27] and poly 
(α-methyl styrene) [28] and substrate supported thin films without 
strong polymer-substrate interactions [29]. Glass transition thickness 
dependence is very often regarded as one of the fundamental charac-
teristics of thin films. The film thickness influences a size of the coop-
eratively rearranging region and thus directly affects transition 
temperature and pronounced when thickness change from micrometer 
to nanometer scales [19]. Furthermore, glass transition is also influ-
enced by polymer chain conformational (non)equilibrium and internal 
stresses, which originate in a film preparation procedure, such as spin 
coating, and involve a thermal history of the bulk polymer as well. As 
presumed in [30], non-annealed films could therefore manifest no Tg 
thickness dependence or in other words, the thickness dependence may 
be overlaid by other more pronounced effects. 
The polymer thin films are advantageously investigated with 
infrared reflection-absorption (IRRAS) method or polarization- 
modulated IRRAS (PM-IRRAS) [31]. Determination of Tg (also indi-
cating Tα and Tβ) from PM-IRRAS spectra e.g. PS, PET and PMMA can be 
realized via several ways: i) a shift of absorption band and the logarithm 
of absorbance ratio at lower and higher energy state of given IR band 
plotted versus temperature which reflects mutual transformation be-
tween absorption energy state of given functional groups [32]; ii) the 
absorbance ratio corresponding to trans and gauche conformation (e.g. 
PET) plotted against temperature [33]; iii) the integrated absorbance 
and ratio of band areas at region 1300–1100 cm− 1 displayed versus 
temperature for PMMA [34]; iv) logarithm of positive or negative 
absorbance plotted versus reciprocal temperature, where positive or 
negative absorbance is obtained from the subtracted spectra measured 
at a higher temperature and room temperature with the resulted 
determination of carbonyl fraction bonded to substrate causing sub-
stantial confinement of isotactic PMMA in comparison with syndiotactic 
and atactic PMMA [35]. Glass transition temperature region is then 
detected as a turning point at the described temperature dependencies 
indicated as an intersection of linear fits below and above glass transi-
tion domain. Conformational energy of the transition from trans/gauche 
conformation is possible to calculate with Van’t Hoff equation [33,35]. 
Moreover, principal component analysis of temperature resolved 
PM-IRRAS spectra [36] or its combination with a 2D mapping of the first 
derivative of absorbance in respect to temperature [37,38] is another 
way of determination of Tg region. 
On the contrary to fluorescence spectroscopy [27,39–42], ellipsom-
etry [28,43,44], or x-ray reflectivity [29], a low amount of studies has 
been dedicated to temperature-resolved PM-IRRAS study of PS thin 
films, although it could help to understand the specific 
temperature-dependent response of individual vibrations of this poly-
mer and bring a new insight in the revelation of sub-Tg transitions 
otherwise analyzed with e.g. ultrafast DSC or dielectric spectroscopy. 
This assumption is based on the fact that molecular response on tem-
perature increase in IR spectra does involve alterations in the vicinity of 
vibrating functional groups (such as aromatic and aliphatic origin of 
groups, non-bonding interactions, the distance of functional groups), 
which reflect in Vfree:vib change and consequently describe particular 
contributions to glass transition. 
In our study, we therefore focus on the determination of temperature 
influence on high-molecular-weight PS thin films from PM-IRRAS 
spectra and particularly from spectral region areas. We have aimed to 
cover the vibrational state changes considering region area and not only 
the absorbance or wavenumber band shifts because the precise inves-
tigation of small band shifts requires very high spectral resolution that 
prolongs the collection time of the spectrum, and thus, limits the heating 
rate (which is an important factor for investigation of glass transition) of 
the thin film under study. The development of region area with tem-
perature was observed and further glass transition of thin films was 
described. We have verified that vibrational motions of thin polymer 
films cope with repeated temperature increase by two ways, without 
changed response to repeated heating/with changed response to 
repeated heating (further in the text reversibly/irreversibly), following 
thus the thermal and processing history of the material. A temperature- 
dependent abrupt change in vibrational intensity of aromatic Car-H 
stretching in contrary to a step-change of the intensity of Car-H out-of- 
plane bending and together with linear temperature response of both 
aliphatic C–H stretching and bending vibrations have proven that Vfree:vib 
is a crucial factor, which can be indirectly monitored this way. The 
present paper provides the new data on PS thin films obtained with PM- 
IRRAS and suggest a connection between PM-IRRAS results and the 
temperature-processing state of the thin film. Therefore, a temperature 
history of the polymer thin film can be revealed by this spectroscopic 
analysis. 
2. Material and methods 
2.1. Materials and thin film preparation 
High-molecular-weight polystyrene (PS350; Mw ~ 350 000, Mn ~ 
170 000) purchased from Sigma Aldrich was used as a material of thin 
films. Three solutions were prepared by PS350 dissolution in; 1)chlo-
roform (TCM, grade HPLC) from J. T. Baker, 2) toluene (p.a., 99.5%) 
from Sigma Aldrich and 3) 1:1 mixture of both toluene and TCM 
(designated as Mix). PS350 was stirred with solvent at 50 ◦C until full 
dissolution to obtain clear solutions, which were used for thin film 
preparation. Concentration of all PS350 solutions was 30 mg/mL and 5 
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mg/mL. Concentrations and solvents were chosen to reach the various 
values of film thicknesses. 
Thin films were deposited from prepared solutions on silicon (Si) and 
gold (Au) substrates to enable further infrared spectroscopy, thickness 
and surface structure analyses. The size of the substrate was 2 × 2.5 cm. 
Thin films were spin-coated by the static method with spin coater Laurell 
WS-650-MZ-23NPP with spin rate 1000 rpm with acceleration 500 rpm/ 
min. After deposition, the films were dried at 30 ◦C in a vacuum oven 
under pressure 0.1 mbar for approx. 18 h to assure full solvent evapo-
ration. Solvent evaporation was confirmed with a spectroscopic method 
(PM-IRRAS) used in this experiment. Infrared spectra of freshly prepared 
films (after 18 h of solvent evaporation in a vacuum) measured at room 
temperature were compared with spectra collected after the first heating 
of thin films (as described in section 2.3). No difference between these 
spectra and further no spectral bands indicating a presence or evapo-
ration of solvents during heating were found. 
Two series of films were prepared. First, films (films thickness; h =
19–548 nm), which were analyzed as prepared without any previous 
annealing to enable a study on how PS350 molecules react on the 
temperature increase when no relaxation of chain segments was 
employed. Second, films (h = 365–548 nm), which had been annealed 
for 4 days above PS350 bulk Tg at 130 ◦C to compare results with non- 
annealed films and demonstrate how the temperature/processing state 
of the film can be monitored. 
2.2. Film thickness and surface structure 
The thickness of thin films was measured with mechanical profil-
ometer Dektak XT-E (Bruker, USA) with 1 nm resolution. The thickness 
measurement was set up with a tip radius of 2.5 μm, length of analyzed 
region 200 μm and stylus force 3 mg. The thickness was calculated as the 
average value of the three measurements. The thickness analysis was 
performed with films deposited on Si substrate to avoid deterioration of 
films prepared on the Au substrate. 
The images of thin films surface deposited on Au substrates were 
recorded using the same instrument with a digital camera with magni-
fication 100x. The images were taken twice. First, right after film 
deposition without annealing or other film treatment and then after 
measurement of infrared spectra, which involved sample heating (see 
next chapter). 
2.3. Polarization-modulation infrared reflection-absorption spectroscopy 
Thin films on Au substrates were analyzed with Nicolet iN10/iZ10 
spectrometer (Thermo Scientific, USA) with a heated chamber 
Refractor-Reactor (Harrick, USA) with wedged ZnSe windows enabling 
grazing angle reflection-absorption measurement (incident angle 75◦). 
The thin films on Au substrates were inserted in the chamber on a heated 
stage and analyzed at an increased temperature in the air atmosphere. 
The measurement was performed in the mid-infrared region (MIR) in 
the range 4000–650 cm− 1. Spectra were acquired after 16 scans with a 
resolution 4 cm− 1. The wire grid polarizer on KRS-5 substrate was set to 
the optimal angle of 90◦ providing p-polarized radiation. The temper-
ature of a heated stage and the thin film was controlled by the software 
EZ-ZONE® Configurator (Watlow, USA). The temperature profile was 
set to heating from RT to 142 ◦C with a rate of 2.6 ◦C/min. The chosen 
heating rate corresponds to the measurement of one spectrum per 1 ◦C of 
heating with a given resolution and number of scans. This setting en-
ables measurement of one spectrum with minimal influence of sample 
heating during a particular spectrum collection and at the same time, the 
dynamic measurement suitable for glass transition analysis can be done. 
Spectra were measured in mode “one after another”, which enabled us to 
gain approx. 100 spectra for one thin film per one heating. Each thin film 
(non-annealed and annealed) was analyzed twice to observe spectral 
changes occurring during the first and second heating. 
2.4. Differential scanning calorimetry 
The differential scanning calorimetry (DSC) measurement of bulk PS 
was done using the LabSys Evo DTA/DSC (Setaram) instrument with 
TG/DSC sensor. The measurement was performed in the air atmosphere. 
A sample was heated from 30 ◦C to 170 ◦C with a rate of 10 ◦C/min and 
air flow 60 ml/min. The value of bulk Tg was used for comparison with 
transition temperatures of thin films. 
3. Result and discussion 
3.1. Thickness and surface structure of polystyrene thin films 
Thicknesses of PS350 thin films prepared from different concentra-
tions and solvents were determined from three locations on the sample. 
The individual average values with standard deviation (SD) are sum-
marized in Table 1. To avoid any uncertainty connected with determi-
nation of sample thickness Si substrate, the thickness of the thin films on 
Au substrates, which were used for spectroscopic study, was also 
examined after the PM-IRRAS experiment. The thickness was double- 
checked and confirmed without the need of broad statistical analysis. 
All thicknesses of films obtained on Si and Au substrates were in good 
agreement. 
With the decreasing concentration of PS350 solution, the thickness of 
the thin films rapidly decreases. The thickness of the film is also affected 
by the type of solvent and their boiling points leading to different 
evaporation times. The thinnest and smoothest layers with the lowest SD 
were prepared from a solution of PS350 in toluene. The films spin-coated 
from TCM were uneven which was observable especially for high- 
concentrated solutions. SD reached 39 nm with 30 mg/mL TCM solu-
tion, which indicates substantial surface inhomogeneity. Films depos-
ited from solvent Mix resulted in thickness between values obtained for 
films prepared from individual solvents. Their SD is 2 nm and 8 nm for 
films from 5 mg/mL and 30 mg/mL solutions, respectively, which re-
veals the films are almost as homogeneous as the ones prepared from 
toluene solvent. 
The surface structure of prepared films was observed with magnifi-
cation 100x. Fig. 1 represents images of films that were taken immedi-
ately after film preparation without any additional surface treatment. As 
can be seen in the figure, the surface is smoothest for films spin-coated 
from toluene solutions (Fig. 1A and B). Similar images were taken for 
films prepared from Mix solution (Fig. 1C and D). Higher in-
homogeneities are observable for thicker film 430 nm, while films pre-
pared from a lower concentration have been found smoother. 
Further, surface images of films prepared from TCM solution, which 
were taken before and after PM-IRRAS measurement are given in Fig. 2. 
We chose these films as representative samples, where the surface 
deterioration after two-fold heating from RT to 142 ◦C is demonstrated. 
The images A and C were taken after film preparation and they are 
compared with B and D taken after the heating procedure. New surface 
disruptions are present. Films (548 nm and 40 nm) contain disruptions 
radially oriented on the surface. Moreover, the same films exposed to 
heating evince holes, not only surface inhomogeneities (highlighted 
with the red color circles in Fig. 2). Since thin films were heated above Tg 
of the PS350, the effect of dewetting can also contribute to the creation 
Table 1 




PS350 30 mg/mL PS350 5 mg/mL 
1000 rpm 1000 rpm 
Toluene TCM Mix Toluene TCM Mix 
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of holes on the surface. It has been shown that thin films of PS on the 
sputtered gold surface [45] as well as on the silicon surface [46] are 
prone to dewet if no anti-dewetting measures [47,48], are considered. 
All studied PS350 films were influenced by sample heating and their 
surface evince disruptions, although films prepared from toluene and 
Mix solvent were less disrupted. 
As a result, toluene with a higher boiling point is more suitable for 
PS350 thin film preparation. Long polymer chains have more time to 
arrange on the substrate surface and thus create a homogenous layer, 
while quicker evaporation of TCM with a lower boiling point causes 
immediate immobilization of polymer chains on the substrate in the 
radial shape after spin-coating without sufficient relaxation. This also 
corresponds with a thickness variance of films. The surface structure of 
the film can therefore be tailored with specific spin-coating conditions 
and the use of solvent. 
3.2. PM-IRRAS regions analysis for determination of transition 
temperature 
We have focused on the temperature (T), and thus glass transition 
Fig. 1. The images of PS350 thin films surfaces deposited from toluene (A, B) and Mix solution (C, D) taken immediately after deposition; film thickness 365 nm (A), 
19 nm (B), 430 nm (C) and 30 nm (D). Zoom 100x. 
Fig. 2. The images of PS350 thin film surfaces deposited from TCM solution before PM-IRRAS measurement (A, C) of film 548 nm and 40 nm, respectively and after 
two-fold heating of PM-IRRAS measurement (B, D) of film 548 nm and 40 nm, respectively. Zoom 100x. 
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influence on PM-IRRAS spectra of high-molecular-weight PS350 in the 
form of Au-supported thin films with thickness ranging from 19 to 548 
nm. IR spectrum of PS350 was divided into four regions, 3120–2985 
cm− 1, 2980–2825 cm− 1, 1470–1430 cm− 1 and 810–675 cm− 1 (725–675 
cm− 1), covering Car-H, C–H and Car-Car stretching and bending vibration 
of phenyl ring as well as of aliphatic PS350 groups, which are given in 
Fig. 3 together with a scheme of corresponding vibrational motions. The 
assignment of all PS350 vibrational bands, which are discussed in the 
paper, is routine and can be found in fundamental literature [49]. The 
upper parts of Fig. 3 show the spectra of the thinnest film with a 
thickness of 19 nm, while the bottom part is dedicated to the thickest 
film of 548 nm. Films 548 nm, 430 nm, and 365 nm had also been 
subjected to annealing for 4 days before PM-IRRAS measurement for 
comparison with non-annealed films. Only the three thickest films had 
been chosen for the annealing experiment because the intensity of the 
spectral bands of the thinnest film is ten times lower than the intensity of 
548 nm film, as shown in Fig. 3. It seems that we have reached detection 
limits (at given experimental setup of 16 scans, resolution 4 cm− 1 and 
heating rate 2.6 ◦C/min) with films of thickness below 100 nm, when the 
signal-to-noise ratio decreased significantly and spectra had not been 
sufficiently smooth. However, in order to follow the principle of Tg 
determination, a decrease of the heating rate was unacceptable. The 
vibrational bands in Fig. 3A and 3103 (3101), 3082 (3079), 3059 
(3058), 3025 (3024) and 3000 (2999) cm− 1, represent aromatic Car-H 
stretching vibrations of phenyl ring at 30 ◦C and 142 ◦C; the shift of the 
band at 142 ◦C is shown in brackets. A clear shift of band maxima to 
lower wavenumbers with temperature has been observable for all films, 
which indicates that vibrational motions are at higher temperatures 
energetically less demanding. On the other hand, no significant change 
in band position from the first and second heating of the films was 
observed, which is demonstrated with overlaid spectra. Similar trends 
were registered in the spectral region 2980 – 2825 cm− 1, which belongs 
to the stretching vibration of C–H groups given in Fig. 3B. The spectral 
bands 2923 cm− 1 and 2850 cm− 1 do not react on increased temperature 
and their wavenumber position is stable. Another region of interest 
1470–1430 cm− 1 is given in Fig. 3C. The band 1452 cm− 1 represents 
CH2 bending vibrations (scissoring) from the aliphatic part of PS350 
macromolecule. This band also involves Car-Car stretching vibrations of 
phenyl. The shift of band maxima between RT and 142 ◦C has been 
determined within 1 cm− 1. Fig. 3D shows region 810–675 cm− 1 of 
spectral bands 758 (756) cm− 1 and 702 (701) cm− 1 that belong to Car-H 
out-of-plane bending vibrations and aromatic ring out-of-plane defor-
mation, respectively, of the mono-substituted phenyl ring. The band 
702 cm− 1 has the highest intensity in the whole PS350 spectrum. 
3.3. Temperature impact on PM-IRRAS spectra 
All of the mentioned spectral regions were baseline corrected. Their 
area (Ai, where i is the range of spectral region) was calculated by 
mathematical integration of the spectrum curve and plotted against 
temperature. The statistically detected outliers were omitted from 
further evaluation. 
The whole regions, not only wavenumber shift or band absorbance, 
were investigated in dependence on T. We suppose that the temperature 
response of a particular thin film spectral region can be involved in the 
area values, as was shown for PS pellets previously [50]. The advantage 
of this method is that the intensities of individual bands are also re-
flected in the area of the selected region without a need of spectrum 
deconvolution. Therefore, from the plot Ai vs. T, a turning point or 
step-change in the temperature region was detected. This temperature is 
here assigned to individual functional group transition describing the 
local molecular motions and β-transition of PS350 thin films. 
We found that particular regions of the PM-IRRAS spectrum respond 
specifically to a temperature increase. This response is influenced pre-
dominantly by the heating (and processing) history of the sample, i.e. 
vibrational reactions were detected to be temperature specific and 
Fig. 3. Region 3120–2985 cm− 1 (A), 2980–2825 cm− 1 (B), 1470–1430 cm− 1 (C) and 810–675 cm− 1 (D) of IR spectra of thin films measured at 30 ◦C and 142 ◦C in 
air. Pairs of overlaid spectra of the same color represent first and second heating. PS350 vibrational motions are schematically depicted on the right of each graph. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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moreover some of them are sensitive to repeated heating of the film. If Ai 
is calculated from the spectra obtained during initial sample heating 
from RT to 142 ◦C, we can observe that Ai follows clear trends. This was 
confirmed for non-annealed films with all studied thicknesses. These 
trends can be divided into three groups: (i) A turning point in Ai 
dependence on temperature characterized by an abrupt change of linear 
curve slope value can be detected. At this point, Ai usually reaches a 
minimum and further rises with increasing temperature. This trend is 
typical for the region of Car-H stretching and transition temperature is 
extracted at a minimum. (ii) Two turning points are present in Ai versus 
T plot providing a step-change of Ai value. Therefore, temperature 
range, where Ai values change significantly, is found. Region of Car-H 
out-of-plane bending is representative of this behavior, from which 
onset (Tonset) and endpoint (Tend) temperatures of this transition are 
found. (iii) Ai declines linearly in the whole temperature range (L, linear 
change) and thus no temperature value/region that would significantly 
affect and therefore alter a vibrational behavior is found. This is the case 
of both C–H stretching and the bending region. Regarding the moni-
toring of vibrational motions and their influence by vicinity of the 
vibrating atoms, e.g. release of the side group motions, the transition 
temperature or region of temperatures here detected is probably related 
to β-transition of the polymer in the thin film. 
The heating as well as annealing of the thin films caused unique 
differentiation of the behavior of the spectral regions and thus vibra-
tional motions. Regions 3120–2985 cm− 1, 2980–2825 cm− 1 and 
1470–1430 cm− 1 have kept the Ai vs. T trends even after repeated 
heating or annealing of the films. These unchanged trends are in this text 
regarded as reversible. On the contrary, the spectral region of Car-H out- 
of-plane bending (810–675 cm− 1, 725–675 cm− 1) has undoubtedly 
evinced irreversible temperature response induced by repeated heating 
or annealing of the film because the course of Ai vs. T has differed 
substantially from the original trend. 
Determined values of transition temperature assigned to Tβ from 
spectra recorded in the ambient air are summarized in Table 2. T1 and T2 
have been gained from the initial and repeated heating of thin films, 
respectively. In the case of stepwise temperature change, the upper and 
lower limit is given as a range of T1 or T2, however indicating Tonset and 
Tend of the β-transition. The values obtained for annealed films are given 
in brackets. IRRAS spectra of films with thickness 19–40 nm had sub-
stantially been loaded with spectral noise, which inserted higher un-
certainty in the determined temperatures as can be seen in Table 2. For 
this reason, all figures related to the thinnest films are provided only in 
Supplementary data. 
The following part describes spectral regions of interest from the 
viewpoint of sub-Tg transition, found Ai trends and chemical structure. 
The results are compared with bulk PS350 Tg, which was determined by 
DSC to be 108 ◦C in the air. DSC curve of PS350 is available in Sup-
plementary data in Fig. S1. 
Region of Car-H and C–H stretching 
Fig. 4 represents data of calculated areas from spectral regions 
3120–2985 cm− 1. Aromatic Car-H stretching vibrations belonging to 
phenyl rings of PS350 evince a slight decrease of A3120-2985 with 
increasing temperature until the turning point is reached and then in-
creases continuously. The T1 is 81 ◦C (92 ◦C), 80 ◦C (98 ◦C), 84 ◦C 
(98 ◦C) for non-annealed and annealed (in brackets) films measured 
with thickness 548 nm, 430 nm and 356 nm, respectively. The trend of 
A3120-2985 vs. T plotted from repeated heating of films has not changed 
and T2 is several degrees higher than T1, reaching 100 ◦C for annealed 
films. This behavior is thus independent of the heating history of thin 
film and can be explained by two opposite effects that influence the 
vibrational intensity. The density of thin film decreases with increasing 
temperature leading to a slight decline of the spectral region intensity 
and at the same time, the free volume of the system becomes larger with 
an increasing temperature that on the contrary enables the further in-
crease of the vibrational intensity [50,51]. Each of these two effects 
prevails at different temperature ranges, and close to transition tem-
perature, the area of the spectral region reaches its minimum. Below Tg, 
segmental motions are frozen and the vibrational intensity of in-plane 
Car-H stretching is almost constant and slightly decreases until the 
point of glass transition is reached. Nevertheless, stretching vibration is 
also the main contribution to molecular movement because the seg-
ments are stuck, and the temperature domain where change occur is thus 
rather regarded as β-transition than α-transition. At the turning-point 
temperature, the intensity of this vibration begins to rise because a 
release of the side group motions causes significant alterations in the 
vicinity of aromatic rings that provide stretching vibrations. This leads 
to the following conclusion; the β-transition of polymers in the thin film 
evinces the dependence on the free volume and the change in free 
vibrational volume caused by Car-H stretching is thus expectable and 
reflected in A3120-2985 increase above Tβ. Moreover, a comparable in-
crease of polymer free volume was described from molecular dynamics 
simulation in Ref. [52] and our results of Ai follow the identical trend. 
Temperature values extracted from the plots are in the case of 
non-annealed films rather lower than Tg of bulk PS350, however, they 
reached to 100 ◦C after the annealing procedure of films. This agrees 
with the character of β-transition, whose temperature range is below Tα 
(Tg). The non-annealed thin film generally has an unknown processing 
history of polymer and a considerable amount of internal stress gained 
during spin-coating process that can even lead to thickness independent 
values of transition temperature [30]. Moreover, the annealing process 
depends on the Mw and relaxation time of the polymer and initial film 
thickness. The time and temperature of annealing have to be chosen by a 
compromise between the long time needed for a relaxation of chains 
especially with very high Mw of polymer and the temperature above Tg of 
the bulk, which can cause the undesirable film dewetting without suf-
ficient relaxation. Nevertheless, we did not consider the Tβ thickness 
dependence from region 3120–2985 cm− 1 as all three annealed films are 
thicker than 100 nm and no temperature value was determined from 
plots of the thinnest films. A3120-2985 vs. T for films of 40–19 nm can be 
found in Supplementary data – Fig. S2. 
On the contrary, C–H stretching vibrations region belonging to 
Table 2 
Tβ according to spectral regions of non-annealed (annealed) PS350 films in air.  
PS350 air 3120–2985 [cm− 1] 2980–2825 [cm− 1] 1470–1430 [cm− 1] 810–675 [cm− 1] 725–675 [cm− 1] 
h [nm] T1 [◦C] T2 [◦C] T1 [◦C] T2 [◦C] T1 [◦C] T2 [◦C] T1 [◦C] T2 [◦C] T1 [◦C] T2 [◦C] 
548 81 (92) 82 (95) L (L) L (L) L (L) L (L) 67-87 (—) — (—) 65-86 (—) — (—) 
430 80 (98) 80 (100) L (L) L (L) L (L) L (L) 63-82 (—) — (—) 60-81 (—) — (—) 
365 84 (98) 85 (97) L (L) L (L) L (L) L (L) 63-87 (—) — (—) 62-86 (—) — (—) 
40 — N/A L L L N/A 70–102 — 70–100 — 
30 N/A N/A L — L L 85–100 — 70–100 — 
19 N/A N/A L — L N/A N/A N/A N/A N/A 
h = film thickness; T1 and T2 = temperature of a turning point or temperature range extracted from Ai vs. T dependence obtained from initial and repeated heating of 
the same film, respectively; L = linear decrease of Ai in investigated temperature range; — no change of Ai with T; N/A no clear trend, high data variation. Data for 
annealed films are given in brackets. 
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aliphatic PS350 groups behave differently as shown in Fig. 5. T1 and T2 
were not detected and A2980-2825 decreases gradually with increasing 
temperature. This trend was found for all films. The intensity of aliphatic 
C–H stretching vibrations thus drops with increasing temperature and is 
thickness independent for films treated during both heating procedures, 
as well as annealing. 
This result indicates that the same vibrational type of a similar 
functional group (same atoms, different electron distribution) can react 
divergently on temperature. In the case of aliphatic C–H stretching the 
decrease of A2980-2825 is led by the effect of decreasing film density, 
which can be joined with thin film dewetting as was reported for films 
thinner than end-to-end macromolecular distance [53]. C–H groups are 
in comparison with phenyl rings small and are located close to the PS350 
backbone. Hence, their indifference to any significant temperature 
response can be rationalized again with the viewpoint of free volume, i. 
e. their vibrational motions occur always at the space close to the 
backbone and as a result, they are not influenced with either side groups 
motions, or even segmental motions to such an extent as aromatic vi-
brations are and they occupy the same amount of free vibrational 
volume regardless the temperature increase. A2980-2825 vs. T for films of 
40–19 nm are given in Supplementary data – Fig. S3. 
Car-H and C–H stretching vibrational motions can therefore be 
distinguished with different temperature dynamics, which reflects that 
Car-H stretching is more susceptible to temperature change and de-
scribes Tβ by reversed course of A3120-2985 continuous decrease. While 
A2980-2825 gradually decreases in the whole temperature range. 
Region of CH2 in-plane bending and Car-Car stretching 
CH2 scissoring vibrations of aliphatic groups together with Car-Car 
stretching of PS350 (1470–1430 cm− 1) were found to behave similarly 
to corresponding C–H stretching vibrations. As can be found in Fig. 6, 
A1470-1430 decreases linearly with temperature and T1 and T2 were 
detected neither for non-annealed, nor annealed films of 365–548 nm. 
The same results were found for thicknesses 19–40 nm given in the 
Supplementary data – Fig. S4. The explanation of a continuous decrease 
of A1470-1430 with T is analogous to the previous region 2980–2825 
cm− 1. As C–H stretching, C–H scissoring vibrations occur in the small 
volume around the PS350 backbone, which does not bring any 
Fig. 4. A3120–2985 plotted against temperature from the initial (1) and repeated (2) heating of non-annealed and annealed films (365–548 nm) in the air.  
Fig. 5. A2980-2825 plotted against temperature from the initial (1) and repeated (2) heating of non-annealed and annealed films (365–548 nm) in the air.  
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Fig. 6. A1470-1430 plotted against temperature from the initial (1) and repeated (2) heating of non-annealed and annealed films (365–548 nm) in the air.  
Fig. 7. A810-675 and A725-675 plotted against temperature from the initial (1) and repeated (2) heating of non-annealed and annealed films (365–548 nm) in the air.  
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significant temperature breakpoint in A1470-1430 vs. T. Car-Car stretching 
also contributes to this spectral region. Nevertheless, it is acceptable that 
it does not cause a significant deviation of the decreasing trend as this 
vibration manifests motions in-plane of the phenyl ring. If compared 
with A2980-2825, the decrease of A1470-1430 is steeper. 
All these three spectral regions have not changed the main course of 
Ai vs. T with repeated heating or annealing of thin films, so that their 
temperature response is reversible. This indicates that they are not 
sensitive to temperature history. 
Car-H out-of-plane bending 
Another region of interest is 810–675 cm− 1 of Car-H out-of-plane 
bending of PS350 and it has provided important results. These vibra-
tional bands in IR spectra are used for the identification of aromatic ring 
substitution and provide essential information about the structure. A 
course of A810-675 and A725-675 vs. T is displayed in Fig. 7. It was 
discovered that there is no one turning point temperature, which causes 
the abrupt change of slope in Ai vs. T. Instead, the temperature ranges 
67–87 ◦C (—), 63–82 ◦C (—), 63–87 ◦C (—) for non-annealed (annealed) 
films, in which A810-675 increases step-wisely, had been detected only 
during initial heating of non-annealed films of 548, 430 and 365 nm 
thickness, respectively. The response of Car-H out-of-plane bending to 
temperature is thus considered to be irreversible, i.e. no Tβ or range of 
temperatures limited with Tonset and Tend has been detected from both 
the PM-IRRAS with second heating of non-annealed films and the initial 
PM-IRRAS analysis of annealed films. The value of A810-675 becomes 
roughly constant when the thin film is analyzed after any previous 
heating. This supported the strict dependence on the temperature his-
tory of region 810–675 cm− 1. Thinner films (40–19 nm), depicted in 
Supplementary data – Fig. S5, evince the same irreversible behavior 
with rare deviations from the step change of Ai caused predominantly by 
higher noise in the spectral data. The same temperature dependence was 
reported also for other thin film analysis – ellipsometry; it was found 
that the glass transition temperature region becomes broader with 
decreasing film thickness [43], which is in agreement with our results 
obtained from a different spectroscopic method. Thus, Car-H 
out-of-plane bending reflects the whole β-transition from the beginning 
with Tonset to the end with Tend. This vibrational intensity change is the 
most pronounced from all studied regions. Macromolecular chains are 
arranged randomly in the amorphous glassy state, however, phenyl 
rings occupy a substantial amount of the macromolecular chain volume 
and also protrude from the backbone. Their vibrational motions and 
especially out-of-plane vibrations are influenced with mutual 
non-bonding interactions of aromatic rings, which certainly reflects in 
free vibrational volume and its increase with temperature. The tem-
perature region involving β-transition takes 20 ◦C for films of 548 nm, 
19 ◦C for 430 nm, while it broadens to 24 ◦C for 365 nm. 
A zoomed region 725–675 cm− 1 of phenyl ring out-of-plane defor-
mation was also evaluated with almost identical results. As can be seen 
in Fig. 7 and Supplementary data – Fig. S6, the data variation is lower for 
this region, providing thus more precise results and clearer trends. When 
A720-675 from initial heating of non-annealed films was plotted against T, 
step-like A725-675 increase was found and confirmed obtained values of 
Tonset and Tend (65–86 ◦C, 60–81 ◦C, 62–86 ◦C). 
At this point, we would like to discuss a similarity of the results 
obtained from a single PM-IRRAS measurement with experimental 
findings provided by temperature-modulated FTIR (TMFTIR), even 
though they are based on a different principle. In TMFTIR, spectral 
bands that characterize structural changes of a sample, such as confor-
mational change or crystallization, are observed. An irreversible and 
reversible intensity of the regarded vibrational band represents a kinetic 
and thermodynamic term, respectively, which together form the total 
intensity of the vibrational band [54–56]. As was shown for PET in [54], 
middle point Tg is determined from reversing part of total IR intensity as 
a change in slope curve. This is in very good agreement with our results 
obtained from region 3120–2985 cm− 1 of Car-H stretching. Even though, 
the temperature modulation has not been used in the present experiment 
and therefore the total intensity of the region has been considered, its 
reversibility was confirmed by a repetition of the PM-IRRAS analysis on 
the same thin film. On the other hand, step-like change of Car-H 
out-of-plane bending was found to be an irreversible manifestation of 
various relaxations of frozen strains accompanying the sub-Tg transition. 
This can be again compared to the irreversible intensity from TMFTIR. If 
it is considered as a kinetic contribution of the total intensity, the 
released movement of phenyl rings that sustain non-bonding in-
teractions does increase the vibrational intensity. However, after 
re-cooling of the film, phenyl rings freeze in different random positions 
with different extent of non-bonding interactions and therefore repeated 
heating does not induce exactly the same temperature response. 
Restricted space of thin film must be kept in mind as well as macro-
molecular chain constraints, which might encourage temperature irre-
versibility of this vibrational motion. Regarding the temperature ranges, 
approx. 60–85 ◦C, that were obtained for non-annealed films from our 
experiment for region 810–675 cm− 1 and corresponding temperature 
value of 80 ◦C determined from Car-H stretching region after initial 
heating of the same non-annealed films, it is probable that Car-H 
out-of-plane bending vibrations actually provide Tonset and Tend of 
β-transition rather than characterization of the actual glass transition. 
4. Conclusions 
The paper deals with the influence of temperature on vibrational 
motions of Au-supported thin films made of high-molecular-weight 
polystyrene PS350. No interaction with Au substrate was expected and 
films were analyzed in two sets, non-annealed and annealed at 130 ◦C 
for 4 days. From the PM-IRRAS spectra, the area of spectral region Ai was 
calculated and plotted against temperature. According to obtained re-
sults, the individual vibrational motions of thin PS350 films respond 
uniquely to the increasing temperature describing thus sub-Tg transi-
tions of a local effect on a macromolecular chain. While Car-H stretching 
vibrations reflect the increasing temperature with an abrupt alteration 
of the area of their spectral region and provide middle-point tempera-
ture of β-transition, Car-H out-of-plane bending vibrations increase their 
intensity in the step that covers a temperature range that extents below 
and above Tβ, providing edge-point temperatures of transition, Tonset and 
Tend. On the other hand, aliphatic C–H stretching and bending seem to be 
resistant to temperature changes and their response is represented with 
continuous intensity decrease. This can be explained by the fact that Car- 
H vibrations are highly influenced by intra/inter-molecular interactions 
of phenyl rings, including π-π interactions. Moreover, Car-H stretching is 
performed in the plane of the aromatic ring, while Car-H out-of-plane 
bending reaches above and below the aromatic ring plane and this vi-
bration is thus more sensitive to the interaction of phenyl rings as it 
occupies more free volume in the vicinity of the ring. As the macro-
molecular chains begin their side groups motions the Car-H out-of-plane 
bending is influenced immediately corresponding to Tonset and un-
dergoes a transition up to Tend, while the Car-H stretching conducted in 
plane of the ring does not indicate any significant change in vibrational 
intensity until the middle (inflection) point of transition is reached, and 
then change occurs at once. A course of Ai vs. T can be considered as 
reversible (if no change of the main course occurs after repeated heating 
or annealing) or irreversible (if the significant change of the main course 
occurs after repeated heating or annealing). Now, it is demonstrated for 
PS that it should be possible to obtain temperature range of β-transition 
by single PM-IRRAS experiment with linear heating rate and estimate 
the temperature history of the thin film. If an unknown PS film is going 
to be investigated, it should be possible to reveal whether it has been 
heated above Tg ever before according to region 810–675 cm− 1 or 
725–675 cm− 1 and their area dependences on the temperature. 
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